Objective-Abdominal aortic aneurysm (AAA) is a life-threatening vascular pathology, the pathogenesis of which is closely related to oxidative stress. However, an effective pharmaceutical treatment is lacking because the exact cause of AAA remains unknown. Here, we aimed at delineating the role of the paraoxonases (PONs) gene cluster (PC), which prevents atherosclerosis through the detoxification of oxidized substrates, in AAA formation. Approach and Results-PC transgenic (Tg) mice were crossed to an Apoe −/− background, and an angiotensin II-induced AAA mouse model was used to analyze the effect of the PC on AAA formation. Four weeks after angiotensin II infusion, PC-Tg Apoe −/− mice had a lower AAA incidence, smaller maximal abdominal aortic external diameter, and less medial elastin degradation than Apoe −/− mice. Importantly, PC-Tg Apoe −/− mice exhibited lower aortic reactive oxidative species production and oxidative stress than did the Apoe −/− control mice. As a consequence, the PC transgene alleviated angiotensin II-induced arterial inflammation and suppressed arterial extracellular matrix degradation. Specifically, on angiotensin II stimulation, PC-Tg vascular smooth muscle cells exhibited lower levels of reactive oxidative species production and a decrease in the activities and expression levels of matrix metalloproteinase-2 and matrix metalloproteinase-9. Moreover, PC-Tg serum also enhanced vascular smooth muscle cell oxidative stress resistance and further decreased the expression levels of matrix metalloproteinase-2 and matrix metalloproteinase-9, indicating that circulatory and vascular smooth muscle cell PC members suppress oxidative stress in a synergistic manner. to the development of diabetes mellitus, 25 obesity, 26 and aging. 27 In a previous study, we found that the PC transgene suppressed atherosclerosis development and promoted atherosclerotic plaque stability. 28 Although it is well known that the pathogenesis of AAA is closely related to oxidative stress, the role of the PC in AAA formation remains unknown.
A bdominal aortic aneurysm (AAA) is characterized by the local dilation of the abdominal aorta. 1 Most AAAs are asymptomatic until they rupture, which has an extremely high mortality rate. 2, 3 Hence, the development of new strategies for AAA prevention is urgently needed. Arterial oxidative stress induces extracellular matrix degradation, medial cell apoptosis, and arterial inflammation. [4] [5] [6] [7] All of these pathological processes contribute to the pathogenesis of AAA. 8, 9 Although the molecular mechanism of AAA formation is not fully understood, properly suppressing arterial oxidative stress holds promise in AAA prevention. 8 The paraoxonase (PON) gene family consists of 3 members, PON1, PON2, and PON3, in mammals. 10 All PON members are adjacently encoded by the PON gene cluster (PC). 11 Of these 3 members in the gene cluster, PON2 seems to be the oldest based on the structural homology and predicted evolutionary distance among the family members. 12 In humans, PON2 is expressed in almost all tissues, including the artery wall, and is mainly found in smooth muscle cells. 10, 12 PON2 can decrease the intracellular oxidative stress by reducing endoplasmic reticulum stress-induced caspase activation or altering mitochondrial function. 10, [13] [14] [15] PON1 and PON3 are primarily expressed in the liver and secreted into the serum on expression. 16 As a high-density lipoprotein-associated protein, PON1 can prevent lipid peroxide accumulation in oxidized low-density lipoprotein and can reduce oxidative stress. [17] [18] [19] [20] [21] PON3 is also expressed intracellularly and can retard mitochondrial superoxide formation. 22 All PON1/2/3-null mice developed significantly larger atherosclerotic lesions compared with their wild-type (WT) counterparts when fed a high-fat, high-cholesterol diet, and the molecular mechanisms underlying the protective effect of PONs against atherosclerosis involve their antioxidative properties. 17, 21, 23, 24 In addition to atherosclerosis, activation of PONs was also inversely related to the development of diabetes mellitus, 25 obesity, 26 and aging. 27 In a previous study, we found that the PC transgene suppressed atherosclerosis development and promoted atherosclerotic plaque stability. 28 Although it is well known that the pathogenesis of AAA is closely related to oxidative stress, the role of the PC in AAA formation remains unknown.
In this study, using mouse AAA samples, we observed the involvement of PC members in the pathogenesis of AAA. Then, we used an angiotensin II (Ang II)-induced AAA mouse model and PC transgenic (Tg) Apoe −/− mice to study the in vivo effect of PC on AAA formation. We found that the PC transgene could protect mice from Ang II-induced AAA information, inhibit arterial inflammation, and suppress arterial extracellular matrix degradation. Then, through an in vitro study, we found that both intracellular and serum PC members alleviate oxidative stress in vascular smooth muscle cells (VSMCs). With these results, we unraveled a critical role for PC in AAA protection.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

PC Transgene Suppresses Ang IIInduced AAA Formation
To investigate the involvement of PONs in the pathogenesis of AAA, 14-week-old male Apoe −/− mice were infused with Ang II for 7, 14, 21, or 28 days. At each time point, sera and whole aortas were collected to examine the expression levels of PONs. We first examined PON2 expression in the aortas of Apoe −/− mice with Ang II infusion. PON2 protein level was significantly increased after Ang II administration for 7 days, whereas in the following 3 weeks, PON2 protein level gradually decreased ( Figure 1A ). After 28 days of Ang II infusion, the protein level of PON2 was even lower than that of control mice ( Figure 1A ). Because PON1 is the main PC member present in the circulation, with activity over 100-fold higher than that of PON3, 16 we next examined the serum level of PON1 after Ang II infusion. Similar to the changes in arterial PON2 expression, the serum PON1 concentration was significantly increased in the first week of Ang II intervention, but started to decrease and became significantly lower than the saline-treated mice with continuous stimulation ( Figure 1A ). All of these results suggest the close relationship of PC members with the pathogenesis of AAA.
To investigate the effect of PON as a gene cluster, we crossed PC-Tg mice, which were previously constructed, 28 with Figure 1C ). In the Ang II group, we randomly chose 14 mice in each group. The mean value of the maximal abdominal aortic external diameter in Apoe −/− mice was 1.593±0.11 mm, whereas the mean value of the maximal abdominal aortic external diameter in PC-Tg Apoe −/− mice was 1.226±0.04 mm ( Figure 1C ). The degradation of medial elastin is an important risk factor and manifestation of AAA formation. We, therefore, evaluated elastin integrity through Elastica van Gieson staining. The grade of elastin degradation was assessed by scoring as previously described. 29 Compared with Ang II-treated Apoe −/− mice, the aortic elastin degradation score in Ang II-treated PC-Tg Apoe −/− mice was markedly lower, indicating a protective effect of the PC transgene on elastin integrity ( Figure 1D) 3-nitrotyrosine and 8-hydroxy-2′-deoxyguanosine in the aortas compared with Apoe −/− mice ( Figure 2A ). Activation of JNK (c-Jun N-terminal kinase; phosphorylated JNK) and p38 (phosphorylated p38), which are frequently activated on oxidative stress in the aorta, were determined by immunoblotting. Compared with Ang II-infused Apoe −/− mice, phosphorylated JNK and phosphorylated p38 were markedly lower in the aortas of Ang II-infused PC-Tg/ Apoe −/− mice ( Figure 2B ). These results suggest that the PC transgene reduces Ang II-induced arterial ROS production and oxidative stress.
PC Transgene Alleviates Ang IIInduced Arterial Inflammation
Oxidative stress can induce inflammation and thereby promotes the development of AAA. Infiltration of cluster of differentiation 45-positive inflammatory leukocytes significantly increased after Ang II infusion for 4 weeks, particularly in the adventitia, in the aortas of Apoe −/− mice. However, the number of cluster of differentiation 45 (+) cells infiltrated in the vessel walls of PC-Tg Apoe −/− mice was significantly lower than that of Apoe −/− mice on Ang II infusion ( Figure 3A) . Expression of the key Figure 3C ). At the same time, the serum levels of inflammatory cytokines, including interleukin-1β, interleukin-6, membrane cofactor protein-1, and tumor necrosis factor-α, were markedly lower in PC-Tg Apoe −/− mice than in Apoe −/− mice on Ang II infusion ( Figure 3B ). These results indicate that the PC transgene alleviates Ang II-induced aortic inflammation.
PC Transgene Suppresses Ang IIInduced Aortic Degeneration
The expression and activity of matrix metalloproteinases (MMPs), such as MMP2 and MMP9, significantly influence extracellular matrix degradation. 30 The upregulation of AP-1 wk. DHE, anti-8-OHdG antibody, or anti-3-nitrotyrosine antibody was replaced by normal IgG as a negative control, respectively. Nuclei were stained with DAPI (4′,6-diamidine-2-phenylindole; blue) and 1-way analysis of variance followed by the post Bonferroni multiple comparisons test was applied to determine significant differences between the groups. Values are expressed as means±standard deviation (SD; n=5-8). The scale bars indicate 150 μm. B, Aorta homogenates were obtained from Apoe −/− and PC-Tg Apoe −/− mice infused with saline or Ang II for 4 wk. Western blot analysis and quantification of phosphorylated (P-) JNK (c-Jun N-terminal kinase) and P-p38 expression in aorta homogenates. Protein expression levels are normalized to its total (T) content. Parametric unpaired t test was applied to determine significant differences between the Ang II-induced groups. Values are expressed as means±SD (n=3). Tg indicates transgenic.
and NF-κB, key transcription factors that activate MMPs 31 in the aortas of Apoe −/− mice, led us to investigate the effect of the PC transgene on the expression and activity of MMPs. In situ zymography showed that the increase in MMP activity in the aorta by Ang II was significantly attenuated by the PC transgene ( Figure 4A ). Gelatin zymography experiments indicated that MMP2 and MMP9 activities were remarkably lower in the aortas of Ang II-infused PC-Tg Apoe −/− mice compared with Ang II-infused Apoe −/− mice ( Figure 4B ). In addition, immunoblotting showed that the protein levels of MMP2, MMP9, MMP14, and TIMP2 (tissue inhibitor of matrix metalloproteinase 2) were also markedly reduced in PC-Tg Apoe −/− aortas than in Apoe −/− aortas after Ang II infusion ( Figure 4C ). These results indicate that the PC transgene suppresses Ang II-induced MMP activation and expression, which contributes to the protective effect of the PC transgene on arterial extracellular matrix degradation.
Apoptosis of cells in the vascular media plays a crucial role in the progression of AAA, 8 and Ang II infusion induces apoptosis (TUNEL [terminal deoxyribonucleotidyl transferase (TDT)-mediated dUTP-digoxigenin nick-end labeling] staining) in aortic media. However, apoptotic cells were 
PC Transgene Alleviates VSMC Oxidative Stress
The aortic media is mainly composed of VSMCs, whose dysfunction is key to AAA formation. 29, 32, 33 Hence, we isolated mouse primary VSMCs from WT and PC-Tg mice to determine the effect of the PC transgene on VSMC function. We first confirmed the VSMCs via morphological analysis and α-SMA (smooth muscle actin) staining ( Figure IIIA in the online-only Data Supplement). Next, we verified the overexpression of PC in the VSMCs isolated from PC-Tg mice through immunoblotting and immunofluorescence ( Figure IIB and IIC in the online-only Data Supplement). We observed that hPON2 (human PON2) was mainly expressed in the cytosol of primary VSMCs ( Figure IIB and IIC in the online-only Data Supplement). Dichlorodihydrofluorescein diacetate staining and flow cytometry indicated that after incubation with Ang II for 12 hours, WT VSMCs had a significantly higher ROS level than PC-Tg VSMCs ( Figure 5A ). Simultaneously, Ang II induced the activation of MAPK (mitogen-activated protein kinase) pathways, and the expression of AP-1 was markedly suppressed by the PC transgene in VSMCs ( Figure 5B and 5C). In addition, the activities and expression levels of MMP2 and MMP9 were also decreased by PC transgene in VSMCs on Ang II stimulation ( Figure 5D ). Furthermore, the PC transgene increased Bcl-2 expression and inhibited caspase-3 increase and cytochrome C release on Ang II stimulation in VSMCs ( Figure III in the online-only Data Supplement). These results indicate that the PC transgene enhances oxidative stress resistance in VSMCs and promotes VSMC survival.
PC-Tg Mouse Serum Reduces ROS Production in VSMCs
In addition to local PC members in the aorta (eg, PON2), the circulatory PC members (eg, PON1) may also contribute to the protective effect of PC transgene on AAA formation. As shown in our previous study, 28 PON1 is highly expressed in the serum of PC-Tg mice. To investigate the role of circulatory PON (ie, PON1 in mice) in the pathogenesis of AAA, we isolated sera from WT and PC-Tg mice. WT VSMCs were stimulated by Ang II for 8 hours followed by incubation with WT or PC-Tg serum for 6 hours. Dichlorodihydrofluorescein diacetate staining showed that WT VSMCs incubated with PC-Tg serum had a lower ROS level than WT VSMCs incubated with WT serum (Figure 6A ). Compared with VSMCs treated with WT serum, the activation of p38 and JNK was alleviated after incubation with PC-Tg serum ( Figure 6B) . Accordingly, the expression levels of MMP2 and MMP9 were also lower in WT VSMCs treated with PC-Tg serum ( Figure 6B ). Then, we incubated PC-Tg VSMCs with PC-Tg serum or WT serum after Ang II administration. Dichlorodihydrofluorescein diacetate staining showed that incubation with PC-Tg serum could further reduce Ang II-induced ROS production compared with incubation with WT serum in PC-Tg VSMCs ( Figure 6C) . The ROS reduction effect of PC-Tg serum was abolished by anti-PON1 antibodies ( Figure 6D ), indicating that circulatory PON and VSMC local PON2 reduce ROS production in a synergistic manner.
Discussion
Acute AAA rupture is one of the most dramatic medical emergencies and has a high mortality. 2 It remains a major challenge to effectively prevent AAA formation in clinical practice. In this study, using mouse aortas, we found that the expression levels of PC members were dynamically changed during AAA progression. We studied PC-Tg Apoe −/− mice with Ang II infusion and found that the PC transgene significantly suppressed Ang II-induced AAA formation. The PC transgene alleviated Ang II-induced aortic oxidative stress, inflammation, and degeneration. Finally, we isolated mouse VSMCs and found that the PC transgene enhanced oxidative stress resistance in VSMCs and that PC-Tg serum further suppressed VSMC oxidative stress. Together, these findings provide evidence that intact human PC transgenic overexpression protects against AAA formation. Under basal conditions, mice rarely develop AAA. Ang IIinfused Apoe −/− mice with aberrant levels of oxidative stress in aortas are widely used to construct the AAA mouse model. 29, 34 In this study, using this model, we observed that ≈70% of Ang II-infused Apoe −/− mice developed AAA, which was consistent with previous studies. 29, 35 By contrast, we found that only ≈30% of PC-Tg Apoe −/− mice infused with Ang II developed AAA. In addition to the decrease in AAA incidence, PC transgene decreased AAA severity. We found that the PC transgene significantly prevented Ang II-induced aortic dilation, as suggested by maximal abdominal aortic external diameter analyses. The integrity of elastin in arterial media after Ang II infusion was better preserved by the PC transgene, as shown histologically. From these results, we determined that the PC transgene prevents Ang II-induced AAA formation in Apoe −/− mice. Moreover, in agreement with the antioxidative feature of PONs, we found that Ang II-induced ROS production was lower in the aortic walls of PC-Tg Apoe −/− mice than in Apoe −/− controls. In addition, oxidative lesions, as indicated by the presence of 3-nitrotyrosine and 8-hydroxy-2′-deoxyguanosine, were alleviated by the PC transgene. The activation of stress-related MAPK signaling pathways on Ang II stimulation was also lower in PC-Tg Apoe −/− aortas. These results suggest that aortic oxidative stress, which is the underlying cause for the initiation and development of AAAs, is alleviated by the PC transgene. However, further investigations are needed to elucidate the effects of ROS on the protection of PC-Tg against AAAs with a more quantitative assay. Arterial inflammation and extracellular matrix degeneration can be induced in response to oxidative stress. 7, 9 Previous studies have shown that the circulating levels of proinflammatory cytokines, including interleukin-1β, interleukin-6, tumor necrosis factor-α, and membrane cofactor protein-1, were higher in patients with AAAs. 36, 37 In this study, we found that the PC transgene significantly suppressed the increase in these cytokines stimulated by Ang II in the serum. In the aortic wall, cytokines promote the infiltration of inflammatory cells, which further aggravates aortic inflammation. Here, we found that cluster of differentiation 45 (+) leukocyte infiltration induced by Ang II was remarkably attenuated in the aortic walls of PC-Tg Apoe −/− mice compared with Apoe −/− mice. Accordingly, the protein levels of the inflammation-related transcription factors AP-1 and NF-κB in the aorta were also lower with the PC transgene. Thus, we determined that PC mitigates pathological arterial inflammation. In addition to inflammation, aortic medial degeneration greatly contributes to the development of AAA. MMPs, particularly MMP2 and MMP9, are key proteases that degrade medial elastin and cause vascular remodeling. 30, 38 In this study, the expression levels and activities of MMP2 and MMP9 in Ang II-stimulated aortas were all repressed by the PC transgene. Moreover, the expression levels of MMP14 and TIMP2, which are required for MMP2 maturation, were also lower in PC-Tg Apoe −/− mice than in the Apoe −/− littermates. This may contribute to reduced MMP2 activity in PC-Tg Apoe −/− mice. In addition, we found that the PC transgene inhibited Ang II-induced VSMC apoptosis and collagen accumulation in the aorta, which contributes to the protective effect of PC on the normal structure of aortic walls. Therefore, these results suggest that PC suppresses arterial inflammation and medial degeneration, which might contribute to the protective effect of the PC transgene on arterial extracellular matrix degradation.
A recent cohort study revealed that the consumption of fruits was inversely associated with the risk of AAA. 39 Polyphenols and flavonoids enriched in fruits were found to increase the expression or activity of PONs. [40] [41] [42] [43] Similarly, moderate alcohol consumption increases the serum high-density lipoprotein cholesterol level and PON activity 44 and is associated with a lower risk of AAA. 45 Therefore, the activation of PONs may contribute to the beneficial effect of many dietary interventions for AAA prevention. In this study, we observed that PON expression was dynamically changed along with AAA progression. On acute Ang II stimulation, both serum PON1 and vascular PON2 were increased in WT mice, whereas the expression levels of PONs gradually decreased with continuing Ang II infusion and the progression of AAA. We also revealed a protective role of PONs in AAA formation, which was based on the entire gene cluster overexpression instead of any single PON member. Moreover, PC encodes members with different tissue distributions with PON2 as the major intracellular member in aorta and PON1 as the major serum member. Using isolated mouse VSMCs, we found that the local PC member, PON2, reduced oxidative stress in VSMCs, and that the serum PC member, PON1, reduced ROS production in WT and PC-Tg VSMCs. Our results provide important evidence that different PC members suppress VSMC oxidative stress in a synergistic manner and imply that the antioxidative effect of PC contributes to AAA protection. However, further investigations are needed to elucidate the underlying mechanisms. Although it is currently unclear how PON expression is regulated and which PON member gene plays a central role during AAA development, enhancing PON activity holds great promise to prevent AAA formation.
In conclusion, our present study has demonstrated that PC members synergistically protect against AAA formation, alleviate Ang II-induced oxidative stress in the aorta, and mitigate arterial inflammation and extracellular matrix degeneration. Considering the difficulty and the urgent need for developing new strategies for AAA prevention, this study provides a new and potentially important therapeutic target for clinical use. 
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